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I. INTRODUCTION
Studies of chemical properties of the heaviest elements are among the most fundamental in all of chemistry. Due to the instability of nuclei and short half lives of their isotopes, they are, however, limited to measurements of very few properties-volatility in the gas phase and complex formation in solutions. 1, 2 Volatility is studied with the use of the gas-phase chromatography technique, whereby single atoms or molecules are adsorbed on the surface ͑usually a noble metal͒ of detectors located along a chromatography column. 3 The obtained adsorption enthalpies, ⌬H ads , are then related to the sublimation enthalpies, ⌬H sub , of macroamounts using a linear correlation between them. 4 So far, such experiments with the use of gold plated detectors were performed for elements 112 ͑copernicium, Cn͒ and 114 and their lighter homologs. 5, 6 Presently, 7p elements such as 113 and heavier are in the focus of the experimental gas-phase studies: Several longlived neutron-rich isotopes 7 were discovered suitable for their chemical separation. These elements are expected to be very volatile and less reactive than their lighter 6p homologs. The reason for that is a large spin-orbit ͑SO͒ splitting of the 7p atomic orbitals ͑AOs͒ resulting in the decreasing accessibility of the 7p 1/2 AO for bonding. 8, 9 Early predictions based on linear extrapolations from the lighter homologs in the chemical groups have also shown that elements 112-117 should have smaller ⌬H sub , or formation enthalpies of gaseous atoms, ⌬H f ͑g͒, than their lighter homologs. 10, 11 Fully relativistic band-structure calculations 12 for the solid state of Cn have, however, shown that its cohesive energy, E coh , should be larger than that of Hg, in contrast to the earlier predictions. 11 This case shows that linear extrapolations may not always work, and a careful analysis of the electronic structures of gaseous and solid states of the elements should be made before their use. Thus, relativistic electronic structure calculations are desirable in order to reliably predict sublimation and adsorption properties of the heaviest elements and to understand the nature of the chemical interactions and trends.
In our earlier work, 13 we have shown that metal-metal interactions in the solid state, or adsorption energies on metal clusters, can be reliably predicted on the basis of calculations of binding energies of intermetallic dimers. Using results of the four-component ͑4c͒ density functional theory ͑DFT͒ calculations, we have shown that the difference in the M-Au n ͑M = Hg and Cn; Pb and element 114; 1 Յ n Յ 120͒ binding energy between homologs does not change much with the gold cluster size and adsorption position. We have also shown 13, 14 that D e ͑M 2 ͒ of groups 12 and 14 elements correlate with E coh or ⌬H sub . 12, 15 In a similar way, we will try to give here estimates of ⌬H sub of the 7p elements ͑113-117͒ on the basis of the calculated binding energies of their homonuclear dimers. We will do so again via a correlation between D e ͑M 2 ͒ and known ⌬H sub , or ⌬H f ͑g͒, in the chemical groups in order to take into account the gradual change in the macroamount structure and bonding.
Results of our previous 4c-DFT calculations on Cn 2 and ͑114͒ 2 are published in Refs. 13, 14, and 16. The M 2 dimers of elements 112-115 and 117 were also considered in the framework of the 2c-and 4c-Beijing density functional ͑BDF͒ method, in different approximations. [17] [18] [19] [20] [21] [22] Relativistic effective core potentials single and double couple cluster ͑RECP CCSD͒ calculations were reported for Pb 2 and ͑114͒ 2 . 18 The RECP were also applied to M 2 ͑M is elements 112, 114, and 118͒. 23 Earlier, the electronic structure of ͑113͒ 2 was studied on the basis of ab initio Dirac-Fock ͑DF͒ calculations. 24 Results of these various calculations for M 2 and other small diatomic molecules of the 7p elements and their 6p homologs, e.g., MH, are critically compared in Refs. 21 and 22. A broader overview of calculations for the 7p elements is given in Refs. 25 and 26. All those calculations have shown that compounds of the 7p elements in the low oxidation states should be less stable than those of their 6p homologs.
Section II contains a description of the method used. Section III offers a short overview of atomic energy levels. Results and discussion of the molecular calculations are given in Sec. IV followed by conclusions in Sec. V.
II. METHOD OF THE CALCULATIONS
For the calculations, we have used our four-component relativistic DFT method developed within the noncollinear spin-polarized formalism. 27 In this approximation, the total energy is given by the following expression:
with the density and magnetization m ជ expressed as 
where the index p runs over all nuclei in the molecular system and V H is the electronic Hartree potential,
Application of the variational principle with the constraint of conservation of the number of electrons leads to the single particle Kohn-Sham equations in a noncollinear formulation
Here Ṽ H is the Hartree potential from a model density and MЈ Ն M is the number of MOs. The noncollinear formulation allows the magnetization density to point in any direction at any point of the system under consideration. ͑A collinear spin orientation can also be treated with this method.͒ The relativistic local density approximation for E xc is used to achieve self-consistency. For nonlocal corrections, added perturbatively, the relativistic form ͑Ref. 28͒ of Becke's generalized gradient approximation for exchange ͑B88͒ ͑Ref. 29͒ and of Perdew's ͑P86͒ ͑Ref. 30͒ functional for correlation is used. Many other functionals, such as PW91, PBE, TPSS, etc., are also implemented in the method, although we will focus our discussion on the B88/P86 results to be able to compare them with the published ones.
In the calculations, optimized numerical basis functions were used with an overall basis error in the total energy below 0.01 eV. The basis sets consist of the minimal sets of AOs plus some optimized "atomic-like" functions ͑similar basis sets were used in Refs. 13, 14, 16 , and 27͒. For example, the basis set for element 117 is ͓Rn͔5f 5/2 5f 7/2 6d 3/2 6d 5/2 7s7p 1/2 7p 3/2 7d 3/2 7d 5/2 8s8p 1/2 8p 3/2 5g 7/2 5g 9/2 6f 5/2 6f 7/2 . The MO composition was studied with the use of the Mulliken population analyses. 31
III. ATOMIC PROPERTIES AND TRENDS
Atomic data are always useful when analyzing trends in the calculated molecular properties. Figures 1͑a͒ and 1͑b͒ show DF binding energies and maxima of the radial charge density, R max , of the valence electrons of the 6p and 7p elements, as well as of the 6s AO of Hg and the 6d 5/2 AO of Cn. 32 One can see that increasing SO splitting, as well as increasing relativistic stabilization of the np 1/2 and destabilization of the np 3/2 AOs in the groups and rows ͑the latter is also partially an orbital effect͒, results in the fact that the 7p 3/2 AOs go in energy and spatial extension beyond the 6p 3/2 AOs. As a consequence, the following trends can be expected: An increase in the inertness of the elements in groups 13 and 14 ͑due to the stabilization of the np 1/2 AO͒ and a relative decrease in it in groups 15-18 ͑due to the destabilization on the np 3/2 AOs͒.
These trends in the energies, as well as in R max of the valence orbitals ͑the contraction of the np 1/2 AO and expansion of the np 3/2 AOs͒ will influence trends in D e ͑M 2 ͒ and ⌬H sub , as will be shown below.
IV. RESULTS OF THE CALCULATIONS AND DISCUSSION

A. Electronic structures and spectroscopic properties of M 2 "M = Hg through Rn and elements 112-118…
The calculated D e and equilibrium bond lengths, R e , of M 2 ͑M = elements 113-118 and their homologs Tl through Rn͒ in comparison with experimental values and some other, preferentially DFT calculations, are given in Table I . Hg 2 and Cn 2 are also listed there for comparison: A discussion of their electronic structures and comparison with results of various calculations can be found in earlier works. 13, 14, 16, 33 ͓A comparison with the RECP CCSD͑T͒ results 23 for Cn 2 and ͑114͒ 2 is not given in Table I since the latter suffer from basis set errors, as discussed in Ref. 14͔. We will focus here on the discussion of the electronic structures of the dimers of the 7p elements, while those of their lighter homologs are discussed in detail elsewhere. 17, 18, 22 The obtained D e and R e of the M 2 species, where M are elements Hg/112 through Rn/118, are also depicted in Figs. 2 and 3, respectively
The calculated spectroscopic properties of Tl 2 and ͑113͒ 2 , Pb 2 and ͑114͒ 2 , Bi 2 and ͑115͒ 2 , as well as of At 2 and ͑117͒ 2 in this work agree very well with those of the 2c-͓SO zero-order regular approximation ͑SO-ZORA͔͒ and 4c-BDF and calculations, [17] [18] [19] [20] [21] [22] as well as with the experiment ͑see Table I͒ .
For Tl 2 and ͑113͒ 2 , three lowest lying electronic states, 0 g + , 0 u − , and 1 u , arise from the ͓1͑1 / 2͒ g 1͑1 / 2͒ u ͔ 2 configuration. Our DFT and BDF ͑Ref. 17͒ calculations have found the 1 u ground state as the lowest both for Tl 2 and ͑113͒ 2 . We have, however, obtained a slightly different result for D e ͑Tl 2 ͒ than the BDF calculations, closer to the experimental value. In our calculations, the np 1/2 and np 3/2 AOs were treated orthogonal to each other, as is foreseen methodically. ͑In the case of nonorthogonality of the np 1/2 and p 3/2 AOs of Tl, a larger value of 0.58 eV was obtained͒.
The BDF ͑Ref. 17͒ and Kramers' restricted configuration interaction 37 ͑KRCI͒ calculations found the 0 u − state in Tl 2 as the second excited, while in our calculations, the second ex- Group cited state is 0 g + , as in the ͑113͒ 2 molecule. The 0 u − state was found at 0.266 eV. The order of the states in ͑113͒ 2 agrees in both types of the DFT calculations. ͓Out of the other types of calculations on Tl 2 , the best is, obviously, SO-ECP CI ͑Ref. 37͒ giving R e = 3.05 Å, w e =79 cm −1 , and D e = 0.38 eV͔.
All the calculations show that bonding in Tl 2 and ͑113͒ 2 is weak as a result of the np 1/2 electrons not being able to form a full -bond. D e ͓͑113͒ 2 ͔ is much smaller than D e ͑Tl 2 ͒ since the 7p 1/2 AO is more stabilized than the 6p 1/2 AO and there is very little mixing with the 7p 3/2 AOs. Earlier, the DF calculations 24 have also shown that ͑113͒ 2 should be weakly bound because the 7p 1/2 electrons cannot yield a full bond.
Bonding in M 2 increases from Tl 2 to Pb 2 because the number of bonding electrons increases from two to four ͑both the 6p 1/2 and 6p 3/2 AOs take part in the bond forma-tion͒. An increase in D e is much smaller from ͑113͒ 2 to ͑114͒ 2 because the latter is almost a closed-shell system due to the large stabilization of the 7p 1/2 AOs and a very weak mixing with the 7p 3/2 AOs ͓see, e.g., Fig. 4͑b͒ for ͑115͒ 2 , as a similar case͔. ͑See also discussions in Refs. 13 and 14.͒ Further on, in Bi 2 and ͑115͒ 2 , the np 3/2 electrons become active. They form a 3 / 2 u ͑ u ͒-bonding MO so that D e is larger than those of Pb 2 and ͑114͒ 2 , respectively ͓Figs. 4͑a͒ and 4͑b͒ and Table II͔ . ͑115͒ 2 is, however, much weaker bound than Bi 2 due to the same reason as ͑114͒ 2 with respect to Pb 2 : The 7p 1/2 AOs are too stabilized so that they form almost an independent system of bonding and antibonding MOs. This is demonstrated in Fig. 5͑b͒ , where the MO energies of ͑115͒ 2 are shown as a function of the interatomic distance R. One can see that the 1 / 2 u ͑ u ͒ MO of ͑115͒ 2 is partially antibonding at R e , i.e., its energy increases with decreasing R, while that of Bi is typically bonding ͑its energy decreases with R͒ ͓Fig. 5͑a͔͒. Such a behavior of the u MO is typical of all the 7p element dimers. Thus, there is a little 7p 1/2 -7p 3/2 AO mixing in ͑115͒ 2 in difference to the larger 6p 1/2 -6p 3/2 AO mixing in Bi 2 , which makes the bond weaker.
Our highest occupied molecular orbital ͑HOMO͒-lowest unoccupied molecular orbital ͑LUMO͒ gaps are 1.075 eV for Bi 2 and 0.406 eV for ͑115͒ 2 , being also very close to the BDF values 17 of 1.05 and 0.40 eV, respectively.
In group 16, D e ͑Po 2 ͒ Ͼ D e ͓͑116͒ 2 ͔, as in the previous groups. One can see ͑Fig. 2͒, however, that the maximum in D e ͑M 2 ͒ of the 7p elements comes at group 16, while that of Since the number of the antibonding electrons in At 2 and ͑117͒ 2 is larger than that in Po 2 and ͑116͒ 2 , respectively, they are weaker bound than the latter. Again, D e ͑At 2 ͒ is larger than D e ͓͑117͒ 2 ͔ although the difference between them is much smaller than that between Bi 2 and ͑115͒ 2 , and between Po 2 and ͑116͒ 2 . Finally, in Rn 2 and ͑118͒ 2 , closed shells, the MOs con- tain four bonding and four antibonding np 3/2 electrons so that bonding is predominantly of dispersive nature. We obtained Rn 2 unbound for the B88/P86 functional, which is known to underestimate van der Waals interactions, although ͑118͒ 2 was obtained bound ͑Table I͒. The PBE functional, more suitable in this case, gives D e ͑Rn 2 ͒ = 0.024 eV and D e ͓͑118͒ 2 ͔ = 0.053 eV. The ECP CCSD͑T͒ calculations 23 ͑Table I͒ have also shown that ͑118͒ 2 is more bound than Rn 2 . Stronger bonding in the 118-dimer is due to the larger polarizability of element 118 ͑46.3 a.u.͒ in comparison with Rn ͑35.04 a.u.͒, as was shown by our DC-CCSD calculations. 44 The MO population analysis in ͑118͒ 2 has indicated that no 8s͑118͒ AOs take part in the bond formation. The 8s͑118͒ AOs form the first LUMO lying 5.1 eV higher in energy. Thus, a remarkable feature of the results of the calculations is a decrease in the D e ͑M 2 ͒ difference between the 6p and 7p homologs from group 15 to group 17 and a reversal of the trend in group 18. This can be explained by the fact that the contribution of the np 1/2 AOs, which are more different than the np 3/2 AOs for the 6p and 7p homologs ͓Fig.
1͑a͔͒, becomes less pronounced toward the end of the rows ͑compare Figs. 4 and 6͒. Thus, bonding becomes defined by the destabilized and acting in the opposite direction np 3/2 AOs that are more similar for the two rows than the np 1/2 AOs. In group 18, the larger polarizability of the heaviest elements makes the trend reversed.
The RECP CCSD͑T͒ calculations for MH ͑M = the 6p and 7p elements͒ 45, 46 reveal similar trends in D e ͑both in the rows and groups͒, as those shown in Fig. 2 , with the exception that the difference in D e between the homologs stays about the same in groups [15] [16] [17] Bond lengths in all the 7p homonuclear dimers were found to be larger than those of the 6p homologs since R max ͑7p 3/2 ͒ Ͼ R max ͑6p 3/2 ͒ ͑Fig. 3͒. The RECP CCSD R e ͑MH͒ values show similar trend, except for TlH/113H, where the 113-H bond was found to be the shortest. 22, 45, 46 R e ͑M 2 ͒ of the 7p elements should decrease from group 13 to group 15 and then increase further to group 18. This behavior-with a minimum at group 15-is typical of the p-elements in the third through sixth rows. This is explained by the following. The decrease in R e ͑M 2 ͒ from group 13 to group 14 is due to a decrease in R max ͑np 1/2 ͒ and an increase in the number of bonding electrons ͓Fig. 1͑b͔͒. Further on, in Bi 2 and ͑115͒ 2 , two np 3/2 AOs with much larger R max than that of the np 1/2 AOs of Pb and ͑114͒ 2 , respectively, form a bonding 3 / 2 u -HOMO ͓Fig. 1͑b͔͒. Since this MO is only of a character, a further decrease in R e is observed due to the further contraction of the np 1/2 AOs contributing to the bonding ͑the 1 / 2 g and 1 / 2 u MOs͒. ͑The multiconfiguration nature of The dashed line for ⌬H f ͑g͒ is a linear extrapolation with Z, and that for D e is predicted "experimental" value using the calculated one. The star is the predicted here ⌬H f ͑115͒ using the correlation between ⌬H f ͑g͒ and D e ͑see Fig. 12͒.   FIG. 12. Correlations between formation enthalpies ⌬H f and dissociation energies D e ͑M 2 ͒ of group 15 elements ͑a correlation including P, dashed line, gives ⌬H f ͑115͒ = 1.7 eV, while that without P, solid line, gives ⌬H f ͑115͒ = 1.45 eV͒. ͑D e for P-Bi are experimental values, while that for element 115 was calculated and corrected by the difference with experiment for the lighter homologs, see Table I͒ . Table I͒. the Bi atomic wave function was shown by the ab initio multiconfiguration Dirac-Fock-Coulomb calculations 17 ͒. In the next dimers, Po 2 / ͑116͒ 2 and At 2 / ͑117͒ 2 , electrons are populating antibonding MOs, which makes the bonds longer, as in the lighter homologs. The trend in the w e values ͑Fig. 7͒ follows the one in the D e values.
B. Estimates of the sublimation enthalpies
It is reasonable to expect that M-M bonding in a dimer is a first indication about M-M bonding in the solid state. In Ref. 14 ͑see Fig. 5 there͒, we have, indeed, shown that in group 14, D e ͑M 2 ͒ changes in the same way as ⌬H f ͑g͒ with Z so that a perfect linear correlation between them occurs ͑Fig. 8͒. This correlation gives ⌬H f ͑114͒ = 70.3 kJ/ mol in agreement with the value obtained via a linear extrapolation from the lighter homologs in the group. 10, 11 The decrease in D e ͑M 2 ͒ and ⌬H f in group 14 was shown to be caused by the gradual stabilization of the np 1/2 AO. 13, 14 As in group 14, D e ͑M 2 ͒ and ⌬H f ͑g͒ of the group 13 elements ͑Al through Tl͒ decrease in a similar way with Z ͑Fig. 9͒ so that a good linear correlation between these values occurs ͑Fig. 10͒. This gives ⌬H f ͑113͒ = 144.7 kJ/ mol which is very close to the value ͑138.1 kJ/mol͒ obtained via a linear extrapolation from the lighter homologs in the group. 10, 11 The trend to a decrease in D e ͑M 2 ͒ and ⌬H f ͑g͒ with Z is caused, as in group 14, by the gradual stabilization of the np 1/2 AO in the group.
Group 15 is more problematic: The standard state of its elements changes from nonmetals ͑P͒ to heavier metals ͑Bi͒ with a different type of bonding and crystal structure being a result of the interplay between the np 1/2 and np 3/2 AOs. Figure 11 demonstrates different slopes of the D e ͑M 2 ͒ and ⌬H f ͑g͒ plots as a function of Z so that they even cross at Bi: ⌬H f ͑g͒ becomes larger than D e ͑M 2 ͒ with an increase in the metallic character in the group, as in groups 13 and 14. This gives a loose correlation between D e ͑M 2 ͒ and ⌬H f ͑g͒ ͑Fig.
12͒ although ⌬H f ͑115͒ = 1.7 eV can be obtained on its basis as a rough estimate. A much better correlation without P ͑Fig. 12͒ gives ⌬H f ͑115͒ of 1.45 eV. The value is close to that predicted via a linear extrapolation from the lighter homologs in the group ͑1.52 eV͒. Group 16 is similar to group 15, i.e., the standard state of the elements changes from nonmetals to metals. The behavior of D e ͑M 2 ͒ and ⌬H f ͑g͒ as a function of Z is shown in Fig.  13 demonstrating a steady decrease with Z. A correlation between D e ͑M 2 ͒ and ⌬H f ͑g͒ is shown in Fig. 14 Finally, Fig. 15 shows D e ͑M 2 ͒ and ⌬H f ͑g͒ for group 17 elements as a function of Z. The standard state changes there from gaseous for Cl to solid for At. Though, there is no experimental value of D e ͑At 2 ͒, it is obvious that the D e ͑M 2 ͒ and ⌬H f ͑g͒ lines should cross at At, as in group 15. Notwithstanding this fact, there is a good correlation between D e ͑M 2 ͒ and ⌬H f ͑g͒ ͑Fig. 16͒ giving ⌬H f ͑117͒ = 0.95 eV ͑91.7 kJ/mol͒. This value is also very close to the one obtained via a linear extrapolation in group 17.
The obtained here ⌬H f ͑g͒ of the 7p elements and those predicted via a linear extrapolation in the groups are summarized in Table III and shown in Fig. 17 . One can see that the difference in ⌬H f ͑g͒ between the 7p and 6p homologs decreases from group 15 to group 17, as that in D e ͑M 2 ͒, in line with the trends in the respective chemical groups. ⌬H f ͑114͒ should be the smallest in the 7p series due to the strong relativistic effects on the np 1/2 electron shell, although in line with the trend in group 14.
Thus, no unexpected trends in ⌬H f ͑g͒ are established here on the basis of the relativistic calculations for the M 2 dimers: The energies and R max of the np 1/2 and np 3/2 AOs change smoothly in the groups ͑even though in the opposite directions͒ causing a smooth change in the macroamount properties. Solid state calculation may be valuable to check these conclusions.
V. CONCLUSIONS
Results of the calculations of the spectroscopic properties of the homonuclear dimers of the 6p and 7p elements have shown that the heaviest species, except of ͑118͒ 2 , are weaker bound than their 6p homologs. The reason for that is a large SO splitting of the 7p AOs resulting in the decreasing accessibility of the 7p 1/2 AO for bonding.
It was also shown that the difference in D e ͑M 2 ͒ between the 6p and 7p homologs decreases from group 15 to group 17 and becomes even reversed in group 18 due to the same reason. Element 118 should be stronger bound to itself than Rn.
The calculations revealed a different trend in D e ͑M 2 ͒ of the 7p elements in comparison with the lighter homologs of the third through sixth rows: The maximum in the seventh row comes at group 16, while in the previous rows, at group 15. This is explained by the larger SO splitting of the 7p AOs and formation of an almost independent system ͑without the 7p 1/2 AO admixing͒ of bonding and antibonding MOs of the 7p 3/2 AO character. The bond lengths were found to be larger in all the dimers of the 7p element. The maximum in R e ͑M 2 ͒ comes at group 15 compounds in all the series of the p-elements.
Using our calculated D e ͑M 2 ͒, ⌬H f ͑g͒ were estimated for the heaviest elements 113-117 using a linear correlation between these quantities in the chemical groups. The new values are in good agreement with those obtained via a linear extrapolation in the chemical groups. Thus, elements 113-117 are expected to be more volatile ͑as a sublimation pro-cess͒ than their lighter homologs although the difference in ⌬H f ͑g͒ between the homologs decreases with the group number. Solid state calculations for the heaviest elements may be valuable to confirm the predicted trends.
